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Particle physics: where do we stand? 
(understanding the present to build up the future)
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kV coupling to vectors, kF coupling to fermions
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Not much left to test, but still: 
•  is the Higgs boson responsible for light lepton masses? 
•  is the Higgs boson the only field having a potential 

term? 
• Where is gravity?

kV coupling to vectors, kF coupling to fermions



1 lepton

Biagio Di Micco

January 17, 2016

 

 

 

FCCweek2016 Roma, 
11-15 Aprile 2016  

 

12 Gennaio 2016 

Caro direttore, 

  ti invitiamo cortesemente a far affiggere l’annuncio del secondo workshop 
sul Future Circular Collider (FCC2016) che si terra’ a Roma dall’ 11 al 15 
Aprile p.v.  

Maggiori informazioni sul sito web della conferenza 

http://fccw2016.web.cern.ch/fccw2016/.  

Ringraziandoti anticipatamente,  

Il comitato organizzatore 

 

  

  

B
. D

i M
ic

co
 IF

A
E-

20
17

 T
rie

st
e 

19
 - 

21
 A

pr
il 

20
17

Particle physics: where do we stand? 
(understanding the present to build up the future)

f
Vκ

0 0.5 1 1.5 2

f F
κ

2−

1−

0

1

2

Combined γγ→H

ZZ→H WW→H

ττ→H bb→H

68% CL

95% CL

Best fit

SM expected

Run 1 LHC
CMS and ATLAS

h → γγ, WW, ZZ, ττ  observed 
h → tt (observed indirectly) 
h → bb :-( 

h → hh HL-LHC ??? h → μμ HL-LHC 
h → cc (???) 
h → ee (:-) :-) :-) ) h → uu,dd,ss :o) :oo) :ooo) 

L =
� 1

4g04Bµ⌫B
µ⌫ � 1

4g2W
a
µ⌫W

µ⌫a � 1
4g2

s
Ga

µ⌫G
µ⌫a
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Not much left to test, but still: 
•  is the Higgs boson responsible for light lepton masses? 
•  is the Higgs boson the only field having a potential 

term? 
• Where is gravity?

Here is it!! Einstein-Hilbert action

curvature
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kV coupling to vectors, kF coupling to fermions
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Higgs potential, inflation and 
cosmological constant

V(h)

h0 = h0|h |0i Higgs VEV
hh0

V(h0)

Inflationary epoch

cosmological 
constant

Inflation model 
•  need a scalar field (h is a scalar field) 
•  need a well shaped potential

												Infla%on	
4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

(46) ⇥

the	inflaton	is	slowly	rolling	its	poten#al	

4 THE AUTHOR

(44) V (⇤) >>
1
2
⇤̇2 ⇤ p� ⇥ ⇥�

(45) ⇤(t) � const.

(46) ⇤

(47) H2 =
8�G

3
V (⇤) ⇥ const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇥ p� � ��

BRIEF ARTICLE 3

(15) µ ⇥ ⇥2
� ⇥ ⇤k1⇤k2

⇥T/T ⇥ ⇤k

(16) CµT
⇤ ⇥ ⇧⇤k1⇤k2⇤k3⌃

(16) ⇥⌅µT
2M ⇤ 5 · 10�3

fNL

⇤
C̄µµ

⇤

10�28

⌅1/2

(ln �max)�1/2

⇥⌅TTT
2M ⇤ (2.5/fNL)(2000/�max)

(16)

(16) g⇥ = 0.29 ± 0.021 (68% CL)

�1
2
⌥µ⌃⌥µ⌃� V (⌃)� 1

4
Fµ⇥Fµ⇥ �

�

4f
⌃F̃µ⇥Fµ⇥ ,

(17)

(17) (�1 + �2 = odd)

red
�
aX

⇤1m1
aY ⇥

⇤2m2

⇥
(18)

(18) ⇤ ⇥ �T

T
⇥ ⇥⇧

⇧

(18) ⇤ ⌅ H⇥⌃

⌃̇

(18) a(t) ⌅ eHt

(18) (�1 + �2 = even)
accelerated	expansion	in	the	early	universe		

4 THE AUTHOR

(17) ln(1010As) = 3.062± 0.029 (68%CL)

(17) ns = 0.9677± 0.0060 (68%CL)

(17) f equil
NL = �16± 70 (68%CL)

fortho
NL = �34± 33 (68%CL)

(17) f local
NL = 2.5± 5.7 (68%CL)

(17) rD > 0.16 (95%CL)

(17) V 1/4 < 1.9⇥ 1016 GeV

(17)
�

H(t) =
ȧ

a

⇥

(17) (�1 + �2 = even)

ü 		

ü 		To	induce	accelera%on	the	poten%al	must	be	flat		

ü 		To	have	long	enough	infla%on,	V(φ)	must	be	flat		
for	long	enough	

ε =
MPl

2

2
Vφ
V
⎛

⎝
⎜

⎞

⎠
⎟

2

<<1

η =MPl
2 Vφφ
V

<<1

universe radius, exponentially expanding during inflation

The Higgs potential could have such 
role if properly shaped

In order to make this to work V (h) ⇠ �h4 � ⇠ 10�13 h >> h0

λ determined by the 
Higgs boson mass 
(λmh ~ 0.129) 

It runs with the 
energy scale fixed 
by the h value. 

Intringuing, λ nearly 
vanishes for high h 
value with the 
present value of top 
and Higgs mass.

⇤c4

8⇡G
= V (h0)

The value of the potential at its 
minimum sets the cosmological 
constant (i.e. the amount of dark 
energy)

Understanding the Higgs potential is the last missing 
piece of the SM, and it could have fundamental 
cosmological implications.

S =

Z 
1

2
M

2
plR+ L

�
d

4
x

p
�g =

Z 
1

2
M

2
plR� 1

2
@µh@

µ
h+ V (h) + ...

�
d

4
x

p
�g

slow-roll condition

need to be flat 
to fit slow-roll condition
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The Dark Matter 

Cosmological 
constant

Dark matter

barionic 
matter.

Universe energy 
content

•  WIMP, Weak interacting Massive Particles nice explanation to motivate High Energy Physics 
but nothing forbids these particles to be at Plank mass and have negligible interaction with matter (look at 
it forever ??)

super-massive black hole, at the center of each galaxy are strongly thought to 
be of primordial origin (no other mechanism able to build up so much massive 
black hole) 

Dark Matter evidence 
from galaxy rotation

21

1 5 10 50 100 500 1000
0.0

0.2

0.4

0.6

0.8

1.0

M/M⊙

f

Scenario A

EROS

Eridanus II

WB

FIG. 4: Four windows in which PBHs could conceivably provide the dark-matter density. Upper left panel : (A) Intermediate-
mass black holes. The constraints in this mass range are EROS and MACHO microlensing bounds [27] (in blue), dynamical
constraints (in red) from the life-time of the central star cluster in the Eridanus II dwarf galaxy [192], as well as dynamical
constraints (in green) from the existence of wide-binary star systems [37]. Upper right panel: (B) Sublunar black holes; In this
case the constraints (in blue) are again the femtolensing of GRBs from [187], while the limits from neutron-star capture (in
green) are taken from [36]. The red-shaded region to the right-hand side of the plot denotes microlensing constraints from the
Kepler survey [189], , while the red-shaded region to the plot’s left-hand side shows constraints from white-dwarf explosions
[188]. Lower left panel : (C) Subatomic black holes. The constraints here (red-shaded region) stem from non-detections of
extragalactic �-rays that would be observable from the evaporation of PBHs of these masses [11, 35], and (in blue) femtolensing
of �-ray bursts (GRBs) taken from Fermi data [187]. Lower right panel : (D) Planck-mass relics from PBH evaporations. This
shows the mass range of the initial PBHs if they derive from inflation [62] but there are no observational constraints on such
relics. Details on all these regimes and the meaning of the constraints can be found in the subsections on the respective
scenarios.

gravitationally. It has been suggested that PBHs in window (A) could naturally arise in various inflationary scenarios
[39, 110–112] but this applies equally for the other windows since the mass-scale is essentially arbitrary.

We now discuss each of the mass windows in turn. For the largest one (A), we will present our analysis in some
detail in order to demonstrate the methodology. For the next two mass windows (B and C), we have performed a
similar analysis but just state the main results. Finally, the Planck-mass relic scenario (D) is discussed, although
there is only the trivial constraint f < 1 in this mass range. We stress that we are not making definite conclusions
about the viability of PBH dark matter in any particular range. We are merely considering how conclusions can be
drawn from certain observational claims in the literature, which may or may not be justified.

Systematic PBH study arXiv: 1607.06077 
1) black hole of ~ 30 Msolar and sublunar mass black 

holes  still not excluded but could be excluded in 
the near future; 

2) Planck mass black hole allowed and impossible 
to exclude at the moment

Dark Matter evidence 
from CMB

Possible explanations

•  Primordial black holes (black hole formed at the beginning of universe formation), renewed 
interest after gravitational wave observation from the collapse of two 30 solar mass black 
holes 
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How do we go beyond (HL-)LHC ?

The usual two ways

1) High intensity frontier (precision physics) 
Higgs, W and Z factories 

circular: FCC-ee, CepC  
linear: ILC, CLIC

2) High energy frontier physics

as high as money, politic and technology allows 
FCC-pp, SppC
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Where, what when to build

3
Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

International FCC collaboration 
(CERN as host lab) to study: 
• pp-collider (FCC-hh)       
Æ main emphasis, defining 
infrastructure requirements 

• 80-100 km tunnel infrastructure 
in Geneva area, site specific

• e+e- collider (FCC-ee),                
as potential first step

• p-e (FCC-he) option,    
integration one IP, FCC-hh & ERL

• HE-LHC with FCC-hh technology

~16 T � 100 TeV pp in 100 km

Future Circular Collider Study            
Goal: CDR for European Strategy Update 2018/19 CERN project

• build a circular collider 100 km length under Geneve lake; 

• main target: pp collisions at 100 TeV, use e+e- as a possibility to 
start constructing the tunnel and functionalities while waiting that 
magnet technology for pp becomes mature; 

• 90 - 100 km fits well geological structure (going for a detailed 
97.75 km version) 

• timeline: prepare a full proposal for the end of 2019 for the 
European strategy update

Chinese project

Site selections (some main places)

1) Qinhuangdao 
   (site technical exloring done)
2) Shanxi Province 
    (under site technical exploring, started  from Jan. 2017)
3) Near Shenzhen and Hongkong 
   (site technical exloring done)

60

Thanks to J. Gao

• original idea to build a 50 km e+e- collider; 
• moving to a 100 km e+e- (CepC) followed by a 

100 km pp collider (SppC) 

• timeline:  
• CDR  2017; TDR 2022; operation: 2030
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The e+e-  colliders
Thanks to J. Gao

CEPC four options towards CDR

Since Nov 2016

Since May 2015Since Oct 2012

Since May 2016 9

CEPC four options towards CDR

Since Nov 2016

Since May 2015Since Oct 2012

Since May 2016 9

Two options under investigation: 
Lumi target: 5×1034 cm2/s 

1) FPDR: 1 booster to accelerate 
electrons to the nominal energy, 1 
accumulator to store the beams 
and increase luminosity. Merge at 
RF entrance to use just one cavity; 

2) APDR: use one ring to accelerate 
both e+ and e-, separate at IP to 
reduce beam-beam interactions 

10
Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

• 2 main IPs in A, G for both machines
• asymmetric IR optic/geometry for ee

to limit synchrotron radiation to detector

Common layouts for hh & ee
11.9 m 30 mrad

9.4 m

FCC-hh/
ee Booster

Common
RF (tt)

Common
RF (tt)

IP

IP

0.6 m

Max. separation of 3(4) rings is about 12 m: 
wider tunnel or two tunnels are necessary 

around the IPs, for ±1.2 km. 

Lepton beams must cross over through the 
common RF to enter the IP from inside.

Only a half of each ring is filled with bunches.

FCC-ee 1, FCC-ee 2, 
FCC-ee booster (FCC-hh footprint)

FCC-hh
layout

FCC-ee

W/ synchrotron 
radiation
W/O correction

W/ synchrotron radiation
W/ correction (with corrector in PDR 
region)

W/O synchrotron 
radiation

Orbit and optics (whole PDR ring) Y. W. Wang
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In both 1) and 2) add a 
3rd 100 km single ring 
to boost leptons up to 
the design energy 

APDR suffers from 
sawtooth effect: orbit 
changes along the 
beam line due to 
synchrotron radiation 

 FPDR: sawtooth can 
be corrected by 
tamperng the 
magnets in the PDR 
region
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The high intensity way

❖Present SM deviation from flavor: 
➢LHCb ~3.5 σ :

Could increase could decrease, what would 
we learn? 

How this would impact our future choices?

Thanks to F. Bedeschi

The future high intensity way
ILC/CLIC: Higgs factory, W+W- and tt(bar) 
threshold scan - energy 250 / 500 GeV, 
possible increase to 1 TeV

FCC-ee (CERN), CepC (China) 100 km 
circular collider W,Z, Higgs factory, W+W- , 
ttbar threshold scan

•  Bd→ K*0μμ 
•   Bs→ Φμμ

• ~3.9 σ
➢R(D)

➢ (g-2)µ 

• > 3σ               

1.0E+34

1.0E+35

1.0E+36

1.0E+37

CM energy [GeV]
0 750 1500 2250 3000

FCC-ee 100 MW ILC CLIC

L 
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m
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p
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Measuring Higgs couplings at e+e-

Chapter 2. Higgs Boson

Figure 2.19
Production cross sec-
tions for the Higgs-
strahlung, e+e≠ æ Zh,
the W W fusion,
e+e≠ æ ‹‹H, and
ZZ fusion processes
as a function of the
center of mass energy
for mh = 125 GeV
and beam polariza-
tion (Pe≠ , Pe+ ) =

(≠0.8, +0.2).
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of e+e≠ æ Zh followed by Z≠ > qq and h æ µ+µ≠. This corresponds to a statistical significance
of 1.1 ‡. The WW fusion process at

Ô
s = 1000 GeV will provide a higher statistics sample of Higgs

bosons, as discussed above. We thus expect about 100 events for the h æ µ+µ≠ mode. Since the
cross sections for the e+e≠ æ W +W ≠ æ µ+‹µµ≠‹µ and e+e≠ æ ZZ æ µ+µ≠ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would expect a
meaningful measurement of the muon Yukawa coupling. An earlier fast simulation result showed that
a 5 ‡ signal peak would be observed with a 1 ab≠1 sample for mh = 120 GeV [122,123]. More recent
full simulations by SiD and ILD showed that indeed we would be able to measure ‡ ◊BR(h æ µ+µ≠)
to 32% for mh = 125 GeV even with the full beam-induced backgrounds. Together with the tau
Yukawa coupling from the h æ ·+·≠ branching ratio, this measurement will provide an insight into
the physics of lepton mass generation. With the charm Yukawa coupling from the h æ cc branching
fraction, this also will allow us to probe the mass generation mechanism for the second generation
matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measurements for the other
decay modes to be improved. For example, we can achieve �BR(h æ ““)/BR((h æ ““) ƒ 5 % for
mh = 120 GeV with 1 ab≠1 taken at (Pe≠ , Pe+) = (≠0.8, +0.5) [124].

2.6.2 Top quark Yukawa coupling

The 10% accuracy on the top quark Yukawa coupling expected at
Ô

s = 500 GeV can be significantly
improved by the data taken at 1000 GeV, thanks to the larger cross section and the less background
from e+e≠ æ tt. Fast simulations at

Ô
s = 800 GeV showed that we would be able to determine the

top Yukawa coupling to 6% for mh = 120 GeV, given an integrated luminosity of 1 ab≠1 and residual
background uncertainty of 5% [100, 101]. As described in the Detector Volume, Volume 4 of this
report, full simulations just recently completed by SiD and ILD showed that the top Yukawa coupling
could indeed be measured to a statistical precision of 4.0% for mh = 125 GeV with 1 ab≠1.
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
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the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at
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this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500
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s = 800 GeV, it can reach the level of a few
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Figure 2.19
Production cross sec-
tions for the Higgs-
strahlung, e+e≠ æ Zh,
the W W fusion,
e+e≠ æ ‹‹H, and
ZZ fusion processes
as a function of the
center of mass energy
for mh = 125 GeV
and beam polariza-
tion (Pe≠ , Pe+ ) =

(≠0.8, +0.2).
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of e+e≠ æ Zh followed by Z≠ > qq and h æ µ+µ≠. This corresponds to a statistical significance
of 1.1 ‡. The WW fusion process at

Ô
s = 1000 GeV will provide a higher statistics sample of Higgs

bosons, as discussed above. We thus expect about 100 events for the h æ µ+µ≠ mode. Since the
cross sections for the e+e≠ æ W +W ≠ æ µ+‹µµ≠‹µ and e+e≠ æ ZZ æ µ+µ≠ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would expect a
meaningful measurement of the muon Yukawa coupling. An earlier fast simulation result showed that
a 5 ‡ signal peak would be observed with a 1 ab≠1 sample for mh = 120 GeV [122,123]. More recent
full simulations by SiD and ILD showed that indeed we would be able to measure ‡ ◊BR(h æ µ+µ≠)
to 32% for mh = 125 GeV even with the full beam-induced backgrounds. Together with the tau
Yukawa coupling from the h æ ·+·≠ branching ratio, this measurement will provide an insight into
the physics of lepton mass generation. With the charm Yukawa coupling from the h æ cc branching
fraction, this also will allow us to probe the mass generation mechanism for the second generation
matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measurements for the other
decay modes to be improved. For example, we can achieve �BR(h æ ““)/BR((h æ ““) ƒ 5 % for
mh = 120 GeV with 1 ab≠1 taken at (Pe≠ , Pe+) = (≠0.8, +0.5) [124].

2.6.2 Top quark Yukawa coupling

The 10% accuracy on the top quark Yukawa coupling expected at
Ô

s = 500 GeV can be significantly
improved by the data taken at 1000 GeV, thanks to the larger cross section and the less background
from e+e≠ æ tt. Fast simulations at

Ô
s = 800 GeV showed that we would be able to determine the

top Yukawa coupling to 6% for mh = 120 GeV, given an integrated luminosity of 1 ab≠1 and residual
background uncertainty of 5% [100, 101]. As described in the Detector Volume, Volume 4 of this
report, full simulations just recently completed by SiD and ILD showed that the top Yukawa coupling
could indeed be measured to a statistical precision of 4.0% for mh = 125 GeV with 1 ab≠1.
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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boson decays mostly into gauge bosons, accuracies of the same order can also be reached.
The reconstructed Higgs mass peaks are shown in Fig. 2.2.3 at a c.m. energy of

√
s = 350

GeV in the channels HZ → bb̄qq̄ and HZ → WW ∗qq̄.
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FIGURE 2.10. The Higgs mass peaks reconstructed in different channels with constrained fits for two
values of MH , a luminosity of 500 fb−1 and

√
s = 350 GeV : HZ → bb̄qq̄ at MH = 120 GeV (left) and

HZ → WW ∗qq̄ at MH = 150 GeV (right); from Ref. [7].

The Higgs spin and parity

The determination of the JP = 0+ quantum number of the SM Higgs boson can also be
performed in the Higgs–strahlung process. The measurement of the rise of the cross section
near threshold, σ(e+e− → HZ) ∝ λ1/2, rules out JP = 0−, 1−, 2− and higher spin 3±, · · ·,
which rise with higher powers of the velocity λ1/2; the possibilities 1+, 2+ can be ruled out
by studying angular correlations [84]. A threshold scan with a luminosity of 20 fb−1 at three
c.m. energies is sufficient to distinguish the various behaviors; Fig. 2.11 (left). The angular
distribution of the Z/H bosons in Higgs–strahlung is also sensitive to the spin–zero of the
Higgs particle: at high–energies, the Z is longitudinally polarized and the distribution follows
the ∼ sin2 θ law which unambiguously characterizes the production of a JP = 0+ particle.
Assuming that the Higgs particle is a mixed CP–even and CP–odd state with η parameterizing
the mixture, the angular distribution can be checked experimentally; Fig. 2.11 (right). The
Higgs JPC quantum numbers can also be checked by looking at correlations in the production
e+e− → HZ → 4f or in the decay H → WW ∗, ZZ∗ → 4f processes [85].

The CP nature of the Higgs boson would be best tested in the couplings to fermions,
where the scalar and pseudoscalar components might have comparable size. Such tests can
be performed in the decay channel H → τ+τ− for MH <∼ 140 GeV by studying the spin
correlations between the final decay products of the two τ leptons [88]. The acoplanarity
angle between the decay planes of the two ρ mesons produced from τ+ and τ−, which can
be reconstructed in the Higgs rest frame using the τ lifetime information, is a very sensitive
probe, allowing a discrimination between a CP–even and CP–odd state at the 95% CL;
additional information from the τ impact parameter is also useful. The CP quantum numbers
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boson decays mostly into gauge bosons, accuracies of the same order can also be reached.
The reconstructed Higgs mass peaks are shown in Fig. 2.2.3 at a c.m. energy of
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s = 350

GeV in the channels HZ → bb̄qq̄ and HZ → WW ∗qq̄.
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ⇤ ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ⇤ H�e�e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H�e�e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs cross sections for the Higgs-strahlung and WW-fusion processes at various
centre-of-mass energies for mH = 125 GeV. Also listed the expected number of events accounting for the
anticipated luminosities obtained from approximately 5 years running at these energies.

⌅
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
⌅

s = 250 GeVand
⌅

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [10] and follow-up studies.

with a peak cross section at approximately 30 GeV above the ZH production threshold. At higher centre-129

of-mass energies, the WW fusion process e+e� ⇤ H�e�e becomes increasingly important. For a low mass130

Higgs boson the fusion process dominates above
⌅

s ⇥ 500 GeV. The WW fusion cross section increases131

approximately logarithmically with
⌅

s, allowing large samples of Higgs bosons to be studied at a TeV-132

scale LC. The ZZ fusion process e+e� ⇤ He+e� has a cross section which is approximately an order of133

magnitude smaller than the WW fusion process. Table 1 compares the expected number of ZH and H�e�e at134

the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies135

considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production136

processes, rarer processes such as e+e� ⇤ ttH, e+e� ⇤ ZHH and e+e� ⇤ HH�e�e provide access to the top137

quark Yukawa coupling and the Higgs trilinear self-coupling.138

2.2 Higgs Coupling Measurements at
�

s < 500 GeV139

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-140

independent manner. This is unique to a LC. The clean experimental environment and the relatively low SM141

cross sections for background processes, allow e+e� ⇤ ZH events to be selected based on the identification142

of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the143

Higgs decay, is not considered in the event selection. For example, Figure 1 shows the simulated invariant144

mass distribution of the system recoiling against identified Z ⇤ µ+µ� decays at a LC for
⌅

s = 250 GeV.145

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of146

the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-147

strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs148

boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can149

be made. The precisions achievable on the Higgs-strahlung cross section and the coupling gHZZ are shown150

in Table 2 for mH = 120 GeV .151

The recoil mass study provides an absolute measurement of the total ZH production cross section and152

therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �153

4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection154

are expected to be significantly smaller. Subsequently, by identifying the individual final states for di⇥erent155

Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made. Due156
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associated calorimetric information resulting in an event e⇥ciency of 95.4% for identifying
both in µ+µ�X events and 98.8% for both electrons in e+e�X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z ⇥ ⇤+⇤� is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z ⇥ ⇤+⇤� events with initial and final state radiation. The backgrounds from e+e� ⇥ ZZ and
e+e� ⇥ W+W� are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e�X channel. One possible strategy
to mitigate this e�ect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e�X + n� system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e�Xn�) for
mH and ⇥(e+e� ⇥ ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e� ⇥ HZ in
which a) Z ⇥ µ+µ� and b) Z ⇥ e+e�. The results are shown for a beam polarisation of P (e+, e�) =
(+30%,�80%).
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for four di�erent jet energies.

3.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction.
Jet finding is performed using the Durham algorithm[28] with the hadronic system being
forced into the appropriate number of jets for the event topology. The benchmark physics
analyses[24] are studied at

⇤
s = 250GeV and

⇤
s = 500GeV. Unless otherwise stated, the

results for
⇤
s = 250GeV (

⇤
s = 500GeV) correspond to an integrated luminosity of 250 fb�1

(500 fb�1) and a beam polarisation of P (e+, e�) = (+30%,�80%).

3.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
⇤(e+e� ⇥ HZ), and the Higgs branching ratios. Fits to current electroweak data[29] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb�1 at⇤
s = 250GeV is assumed and mH is taken to be 120GeV. For these values, the dominant
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The Higgs boson mass can be determined precisely from the distribution of the recoil

mass, mrecoil, in ZH ⇥ e+e�X and ZH ⇥ µ+µ�X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
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mH = 120 GeV

ΔmH ~ 30 MeV

by identifying Higgs final states X  
��absolute measurement of BRX

independent 
from H decay

mH = 120 GeV

Tag the Higgs with a Z: pµ+ + pµ� + pH = (
p
s, 0, 0, 0)

• reconstruct the Higgs mass from the recoiling 
muons;
• measure the invisible BR with high accuracy
• measure the Higgs width with high accuracy

old-CEPC
new-CEPC will be 
close to FCC-ee
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What do we learn from precision?Higgs: why precision is required 

15 

  Deviation from SM couplings as expected in a few 
benchmark models 

  Composite Higgs  

  Top partner 

  SUSY (tanβ≥5) 
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Δgh_bb

gh_bb

≅  1.6% 1 TeV
mA
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2
€ 

f ≈  246 GeV [vev, "natural value"]
f ≈  O(1 TeV) [LEP bounds, assuming no new physics in loops]

€ 

M ≥  0.7 TeV

mA lower bounds depend 
strongly on tanβ"

•New physics typically requires ~% precision. 

• Per mill  (not in the target of HL-LHC) in order to 
probe scales larger than the direct searches at 14 
TeV LHC (going in the range 1- 10 TeV range in 
new particle mass)

3

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production

cross section which depend on the Higgs self-coupling. These

terms lead to a linear dependence on modifications of the self-

coupling �h.

recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-
mined using the FeynArts, FormCalc, and Loop-

Tools suite of packages [18, 19] by calculating the full
one-loop electroweak corrections to associated produc-
tion (see Refs. [20–23]) and extracting the dependence
on the self-coupling parameter. The counter-terms for all
SM-Higgs couplings are calculated automatically follow-
ing the electroweak renormalization prescription of [24].
The analytic form of the correction at a CM energy

p
S

can be extracted from the FeynArts and FormCalc

[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

Z
KdDq

[q2 � M2
1 ][(q + p)2 � M2

2 ]
, (4)

and

Cµ1,..,µN
(k2

1, (k1 � k2)
2, k2

2, M
2
1 , M2

2 , M2
3 ) =

Z
Kqµ1 · · · qµN

dDq

[q2 � M2
1 ][(q + k1)2 � M2

2 ][(q + k2)2 � M2
3 ]

, (5)

where

K =
µ4�D

i⇡D/2r�
, r� =

�2(1 � ✏)�(1 + ✏)

�(1 � 2✏)
. (6)

The two-point scalar function encountered here is defined
as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)

250 300 350 400 450 500-0.5

0.0

0.5

1.0

1.5

2.0

2.5

s @GeVD

dsZh
dh
@%D

FIG. 2: Corrections to �(e+e� ! hZ), for a given variation

in the self-coupling, �h, as a function of the CM energy from

220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with
the same arguments. C00, C11, C12 are the scalar coef-
ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these
functions can be easily evaluated using the LoopTools

package [18, 19]. With these definitions the full form of
the self-coupling correction is

��(S) =
��h 6=0

��h=0
� 1 (10)

=
3↵M2

H�h
16⇡ sin(✓W )2M2

W�
⇥

Re


2
�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ⇣�

�
,

where

� = (M2
H � M2

Z)2 + 10M2
ZS + S2 � 2M2

HS, (11)

⇣ = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R⇠ gauges, and the absence
of the ⇠ parameter demonstrates the full gauge invariance
of the result. Furthermore, although a number of UV-
divergences appear individually, the final result is UV-
finite as these divergences cancel in B0 � 4C00 and also
in .

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3,�0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained
as other higher-dimension operators may contribute at
O(�2

h), and the coe�cient of this term is unknown. The
full energy dependence is shown in Fig. 2.

Higgs self-coupling can be measured 
indirectly with the Zh cross section measurement 

(arXiv:1312:3322)

5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-100
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0

50
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dZ @%D

d h
@%D

ds240=0.4%, ds350=1%

HL-LHC

ILC1TeV

ILC1TeV-LU

TLEP240+350GeV

FIG. 3: Indirect 1� constraints possible in �Z � �h param-
eter space by combining associated production cross section
measurements of 0.4% (1%-estimated) precision at

p
s = 240

GeV, (350 GeV) in solid black. For large values of |�h| this
ellipse can only be considered qualitatively as the calculation
is only valid to lowest order in �h. The di↵erent scales should
be noted. Direct constraints possible at the high luminosity
LHC and 1 TeV ILC (with LU denoting luminosity upgrade)
are also shown for comparison. This plot only applies to the
specific model discussed in Sec. III B and if energy-dependent
hZZ couplings were allowed then such a constraint could not
be determined.

the deviation in the associated production cross section
from a modified hZZ coupling at tree level would be of
a similar magnitude to the loop-level e↵ect from modi-
fied self-coupling.4 However for clarity in this work the
loop-suppression of the deviation from the self-coupling
will be explicitly written and the NDA factors will not
be included.

This type of scenario where the SM Higgs couplings,
in this case hZZ and h3, are rescaled by some common
factor is often considered in modified Higgs coupling anal-
yses rather than considering the e↵ects of higher dimen-
sion operators, making this section analogous to these
re-scaled coupling scenarios. Now including these modi-
fications, and taking the leading-order coe�cients of �Z
and �h and only expanding to first order in any �, the
associated production cross-section would vary as

�240
� = 100 (2�Z + 0.014�h) % , (17)

Thus in this specific model a single precision measure-
ment of the associated production cross section can con-
strain this linear combination of couplings. Also, if

4 See e.g. [34] for an explicit example where this would be the case.

�Z ⇠ �h, as would typically be expected in perturbative
scenarios, the LO modification of the associated produc-
tion cross section from �Z would completely dominate
the NLO modification from �h.

However, from Eq. (14) it is clear that the NLO self-
coupling correction is energy-dependent, meaning that
measurements at di↵erent energies constrain di↵erent lin-
ear combinations of coupling modifications, which may
lead to ellipse-plot constraints in the space of �Z � �h
couplings.5 In Fig. 3 the indirect ellipse constraint that
would result from precision measurements at 240 GeV
and 350 GeV is shown. A cross section precision of
0.4% at 240 GeV has been assumed [16]. Studies of the
cross section precision at 350 GeV have not yet been per-
formed, and a rough estimate of 1% precision has been
assumed here. This ellipse only applies to the specific
model assumptions employed in this section, but demon-
strates that under the assumption of a rescaled hZZ cou-
pling and Higgs self-coupling interesting constraints may
be imposed on deviations of both parameters, with rele-
vance to strongly coupled Higgs scenarios.

C. Two Higgs-Doublet Scenarios

Precision measurements of Higgs associated produc-
tion at a lepton collider may play an important role in
constraining the Higgs self-coupling in two Higgs-doublet
models (2HDMs). In 2HDMs there are a number of free
parameters which determine the couplings of the SM-like
Higgs boson to other fields. This section will only be con-
cerned with the couplings to SM fields, which, in a CP-
conserving 2HDM, may be parameterized with ↵, �, and
the pseudoscalar mass mA.6 Assuming that the observed
SM-like Higgs boson is the lightest CP-even scalar of the
2HDM and making the replacement cos(��↵) = �, which
measures the deviations of the Higgs couplings from the
SM values, then in terms of these parameters the tree-
level Higgs coupling to the Z-boson is modified from the
SM value to

1 + �Z = sin(� � ↵) =
p

1 � �2 , (18)

and the Higgs self-coupling is modified from the SM value
by the factor

1 + �h =
p

1 � �2
�
1 + 2�2

�
+ 2�3 cot(2�) �

2�2 m2
A

m2
h

⇣
� cot(2�) +

p
1 � �2

⌘
. (19)

5 Similar multiple-energy measurements have been proposed to
disentangle the e↵ects of hhZZ and h3 modifications in di-Higgs
production at the ILC [29].

6 For simplicity it is assumed that the 2HDM couplings such as

|H1|2H1 ·H†
2 are set to zero. Including these couplings does not

change the conclusions of this section.

~ 28% accuracy at FCC-ee, CepC
self-coupling

V (h) = V (h0) + �h2
0
h2

2
+

�

4
h4 + �h0h

3
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What do we learn from precision?
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

ΔmH ~ 8 MeV @FCC-ee 

Impact of top and Higgs mass on the Higgs  
potential at large scale

global electroweak fit
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The hh  colliders
Thanks to J. Gao

53

SppC
Framework for the SppC Conceptual Design Report

• Baseline design
• Tunnel circumference: 100 km
• Dipole magnet field: 12 T, using iron-based HTS technology
• Center of Mass energy: >70 TeV
• Injector chain: 2.1 TeV
• Relatively lower luminosity for the first phase, higher for the second phase

• Energy upgrading phase
• Dipole magnet field: 20 -24T, iron-based HTS technology
• Center of Mass energy: >125 TeV
• Injector chain: 4.2 TeV (adding a high-energy booster ring in the main tunnel in the 

place of the electron ring and booster)

• Development of high-field superconducting magnet technology
• Starting to develop required HTS magnet technology; before applicable iron-based 

HTS wire are available, models by YBCO and LTS wires can be used for specific 
studies (magnet structure, coil winding, stress, quench protection method etc.)

54

12
Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

Contributions from teams at
CERN and other institutes:
• Complete optics, collective 

effects, collimation studies

Basis for design evaluation:
• Beam dynamics, losses
Feedback to element designs, 
e.g. magnet quality specifications

 0
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FCC-hh optics & layout

FCC-hh

9
Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

100 km intersecting version

Current baseline: 
• Injection energy 3.3 TeV LHC

Alternative option:
• Injection around 1.5 TeV
• SPSupgrade could be based on fast-cycling SC magnets, 6-7T, ~ 1T/s ramp

Injector options:

• SPS Æ LHC Æ FCC

• SPS/SPSupgradeÆ FCC

FCC-hh injector studies

Injection chain Two options under study for 
injection

1) LHC @3.3 TeV; 
2) upgrade SPPS to 6-7 T SC 

magnets, with 1T/s ramping up 
and 1.5 TeV injection energy 

3) Max lumi: 3 ×1035 cm-2s-1

Magnets: develop Nb3Sn magnets, 
trying to increase current density. 

Use of HTS in HTL/LTS hybrid to 
reach fields beyond 16T.

placed on top of the e+e- booster
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What do we learn from high energy?
SUSY

Even with squarks removed from spectrum gluino 
reach is significant:









Supersymmetry

Cohen, Golling, 
Hance, Henrichs, 
Howe, et al

• at leading order SUSY set mh  < mZ; 

• mh ~ 125 GeV needs large SUSY rad. corrections 
through s-quark loops (SUSY scale in the 1-10 TeV 
range); 

• still able to solve the hierarchy problem with a fine 
tuning at ~ 1% 

• if we are lucky, DM could be found in that energy range 

Hierarchy problem and fine tuning in few lines

5

For complexity, we will just leave the derivation of the anomalous dimension at two-loop order for further study, and
use the result derived in [15], which is specialized with the SM couplings in [16]:

γ(2)
mH

= −
1

(16π2)2

(

− 30λ2 − 36λg2t + 12λ(3g22 + g21)−
27

4
g4t + 20g23g

2
t +

45

8
g22g

2
t

+
85

24
g21g

2
t −

145

32
g42 +

15

16
g21g

2
2 +

157

96
g41

)

, (20)

and it’s validity will be justified in the next section through investigating the behaviour of mH(µ) with respect to µ.
While when we proceed calculations, we keep all poles at d = 2 and d = 4 for completeness, renormalization constant

for the Higgs field ZH will be the same as Eq. (9), while the renormalization constant including only contributions
from terms that represent poles at d = 2 (denoted as Z ′

0 to differentiate from the renormalization constant obtained
when the pole is achieved at d = 4(Z0)) is

Z ′

0 = 1 +
2

(4π)m2
H

1

1− d/2

[

6λ−
3

2
Tr[I]g2t + (gµµ − 1)(

3g22
4

+
g21
4
)
]

+
1

(4π)2
1

2− d/2

(

6λ−
3ξ

4
g22 −

ξ

4
g21

)

. (21)

The renormalization constant of the Higgs mass on the complex two dimensional plane (denoted as Z ′

m to differentiate
from the renormalization constant obtained when the pole is achieved at d = 4 (Zm)) is calculated to be:

Z ′

m = Z−1
H Z ′

0

= 1 +
2

(4π)(mH)2
1

1− d/2

[

6λ−
3

2
Tr[I]g2t + (gµµ − 1)(

3g22
4

+
g21
4
)
]

+
1

(4π)2
2

4− d

(

6λ+ 3g2t −
9

4
g22 −

3

4
g21

)

.(22)

From Eq. (22), we found that if we take replacement 1/(1 − d/2) → Λ2/(4π) (which can be obtained when one
compare Eq. (8) with the same integral that calculated with naive cut-off method in four dimensional space-time),
and consider poles at d = 2 alone, from the fact that dimension d couldn’t compacted to “2” and “4” at the same
time in the sense of Eq. (8), then the hierarchy problem can be expressed by

(m0
H)2 = (mH)2 +

2Λ2

(4π)2v2
[

3(mH)2 − 12(mt)
2 + 6(mW )2 + 3(mZ)

2
]

, (23)

To get this formula, Tr[I]=gµµ=4 and Eq. (2) need to be adopt in the second term at right side of Eq. (22). Therefore,
we derived the expression of naturalness, i.e., Eq. (23), with the quadratic divergences manifested as pole at d = 2
on the complex two dimensional plane [1]. And the naturalness problem is manifestly gauge independent in our
remormalization procedure, as shown in Eq. (23).

III. SCALE-DEPENDENT PROPERTY OF THE HIGGS MASS

Since only when all RGEs in the SM been studied together, can we investigate physics in the system of the SM,
i.e., all electro-weak couplings (λ, g1, g2, gt) and QCD couplings g3 and the Higgs mass together compose the whole
physical system of the SM. We explore the µ-dependent property of the Higgs mass with all RGEs of all couplings of
the SM been considered for the first time.
The beta function for a generic coupling X needed is given as:

µ
dX

dµ
=

βX

16π2
, (24)

with beta functions up to one-loop order [14, 17]:

β(1)
λ = λ(−9g22 − 3g21 + 12g2t ) + 24λ2 +

3

4
g42 +

3

8
(g21 + g22)

2 − 6g4t , (25)

β(1)
gt =

9

2
g3t + gt

(

−
17

12
g21 −

9

4
g22 − 8g23

)

, (26)

β(1)
g1 =

41

6
g31 , βg2 = −

19

6
g32 , β(1)

g3 = −7g33, (27)

bare mass physical mass 
(125.09 GeV)

cut-off, Mpl 

(if no SUSY  otherwise  ΛSUSY)
h0 ~ 246 GeV

Li-gong Bian, arXiv: 1303.2402
Fine tuning still moves 

from  10-30 to ~ 1% 

FCC-hh could be the 
final word on SUSY
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Higgs self-coupling

hh production mechanism

SM Dihiggs Dihiggs + 1j Dihiggs + 2j BSM Dihiggs

Higgs pair production

Effective Lagrangian

Leff =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v)

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1
4

↵s

6⇡v2 Ga
µ⌫Ga µ⌫h2

(a)

g

g

h

h

t, b

t, b

t, b

t, b

(b)

g

g

h

hh
t, b

t, b

t, b

box

SM Dihiggs Dihiggs + 1j Dihiggs + 2j BSM Dihiggs

Higgs pair production

Effective Lagrangian

Leff =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v)

L � +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h � 1
4

↵s

6⇡v2 Ga
µ⌫Ga µ⌫h2

(a)

g

g

h

h

t, b

t, b

t, b

t, b

(b)

g

g

h

hh
t, b

t, b

t, b

triangle λ

self-coupling
V (h) = V (h0) + �h2

0
h2

2
+

�

4
h4 + �h0h

3

The self-coupling is 
directly accessible in 
pp → hh production

Δσ/σ Δλ/λ

γγbb 1.3% 2.5%

4b 25% 
 (S/B ~2%)

200%

ZZbb, 4l ~30% ~40%

results from the 2016 FCC 
physics report (30 ab-1)

30 ab-1 is a long FCC run (15 years) 
need to study more channels to improve 

the result in order to better constraint 
the Higgs potential in a shorter time

4b
WWbb
ττbb

WWWW
ZZbb
ττWW

ZZWW
ττZZ
γγbb
γγWW

0 0.1 0.2 0.3 0.4

hh branching ratio to various decay final states
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The WWbb and ZZbb cases

hh

ttbar

3 ab-1 PU 200 Object 
selection

Final 
selection ε

hh-WWbb 5.4 ･ 104 273 8.5･10-4

t-tbar 3.6 ･ 109 3.4 ･ 105

S/Bkg 1.5 ･ 10-5 8.0 ･ 10-4

WWbb event yield

 14

Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

 14

Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

first studies -studies in extreme pile-up conditions

 σ⋅L⋅ 
Br(hh→ZZbb→4lbb)

no b-jet 
req. with b-jet ε  

(no b-jet)
ε  

( b-jet)

4µ 161 61 12,1 38% 7,4%

4e 161 40 7,7 25% 4,8%

Tot 322 101 20 31% 6,2%

ZZbb → 4l bb

low S/B pointing to the need of using advanced 
analysis technique for analysis optimisation

high impact from b-tagging, at FCC-hh forward 
detector becomes crucial

Very different signal and background 
topologies, they can be exploited with 

advanced analysis techniques
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Timeline of the projects
Thanks to J. Gao

6
Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

Constr. Physics LEP

Construction PhysicsProtoDesign LHC – operation run 2

Construction PhysicsDesignHL-LHC - ongoing project

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

~20 years

DesignFCC – design study

Must advance fast now to be ready for the period 2035 – 2040
Goal of phase 1: CDR by end 2018 for next update of European Strategy

CERN Circular Colliders & FCC

2040

FCC approach 

give priority to the pp 
solution, timeline 
constrained by  
magnet technology 
evolution and by HL-LHC 
timeline

CepC approach 

give priority to the e+e- 
option, use possible pp 
evolution to add physics 
motivations 

April 19! 2017

CEPC Schedule (ideal)

• CEPC datataking starts before the LHC program ends around 2035
• earlier than the FCC(hh, ee)
• possibly con-current, but advantageous and complimentary to the ILC



1 lepton

Biagio Di Micco

January 17, 2016

 

 

 

FCCweek2016 Roma, 
11-15 Aprile 2016  

 

12 Gennaio 2016 

Caro direttore, 

  ti invitiamo cortesemente a far affiggere l’annuncio del secondo workshop 
sul Future Circular Collider (FCC2016) che si terra’ a Roma dall’ 11 al 15 
Aprile p.v.  

Maggiori informazioni sul sito web della conferenza 

http://fccw2016.web.cern.ch/fccw2016/.  

Ringraziandoti anticipatamente,  

Il comitato organizzatore 

 

  

  

B
. D

i M
ic

co
 IF

A
E-

20
17

 T
rie

st
e 

19
 - 

21
 A

pr
il 

20
17

Conclusions and considerations
Thanks to J. Gao

1) I think it is clear that studying the Higgs potential and its self-coupling is the next target of 
particle physics: 

1) it is a no-loose bet, or we find it as in SM or we have something new; 
2) it has deep implications on cosmology, in one direction or another (e.g. arXiv:

1505.04825); 

2) at the moment, the only way to study it with high accuracy is with a 100 TeV pp collider, that’s 
add up new physics search in the unexplored 1-10 TeV range; 

3) at the moment, we don’t have the magnet technology to reach this target:  magnet 
technology development is the primary goal; 

4) an e+e- option gives enough physics motivation to start building up the structure [just few 
given in these slides but can make all LEP physics with unprecedented accuracy] (tunnels, 
cryogenic, infrastructure), but should not delay the pp project when it will be ready to go; 

5) we cannot build 2 machines like this in the world, need full international support to whoever 
decides to build it. Italy is collaborating both on CepC/SppC and FCC [trying to strength 
international collaboration, pushing chinese contribution to HL-LHC to have CERN support 
on CepC/SppC in return]





Riguardo ai fondi di R&D la situazione e' la seguente:
   - IHEP seed money (2015-2017):    11 Mrmb
   - MOST (Ministry of Science/Technology) (2016): 36 Mrmb (additional 10 Mrmb expected in 
2017)
   - CAS (Chinese Academy of Science), Beijing Inn. fund, talent program: ~ 50 Mrmb

   1 Mrmb ~ 135 k€
   Totale finanziato finora ~ 100 Mrmb ~ 13.5 M€
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Future colliders

at the LHC, and will pose a significant challenge to the detectors’ 
performance and to the data-acquisition systems. The LHC experi-
ence is of immense value for projecting the scale of the difficulties 
that will have to be met by FCC-hh, but also for highlighting the 
increasing role of proton colliders in precision physics beyond their 
conventional role of discovery machines.

Asymmetric collisions 
Smashing protons into electrons opens up a whole different type 
of physics, which until now has only been explored in detail by a 
single machine: the HERA collider at DESY in Germany. FCC-eh 
would collide a 60 GeV electron beam from a linear accelerator 
external and tangential to the main FCC tunnel, with a 50 TeV pro-
ton beam. It would collect factors of thousands more luminosity 
than HERA while exhibiting the novel concept of synchronous, 
symbiotic operation alongside the pp collider. The facility would 
serve as the most powerful, high-resolution microscope to examine 
the substructure of matter ever built, with high-energy electron–
proton collisions providing precise information on the quark and 
gluon structure of the proton. 

This unprecedented facility would enhance Higgs studies, includ-
ing the study of the coupling to the charm quark, and broaden the 
new-physics searches also performed at FCC-hh and FCC-ee. 
Unexpected discoveries such as quark substructure might also arise. 
Uniquely, in electron–proton collisions new particles can be created 
in lepton–quark fusion processes or may be radiated in the exchange 
of a photon or other vector boson. FCC-eh could also provide access 
to Higgs self-interactions and extended Higgs sectors, includ-
ing scenarios involving dark matter. If neutrino oscillations arise 
from the existence of heavy sterile neutrinos, direct searches at the 
FCC-eh would have great discovery prospects in kinematic regions 
complementary to FCC-hh and FCC-ee, giving the FCC complex 
a striking potential to shine light on the origin of neutrino masses. 

Unknown unknowns 
In principle, the LHC could have – and still could provide – answers 
to many of these outstanding questions in particle physics. That 
no new particles beyond the Higgs have yet been found, or any 
significant deviations from theory detected, does not mean that 
these questions have somehow evaporated. Rather, it shows that 
any expectations for early discoveries beyond the SM at the LHC – 
often based on theoretical, and in some cases aesthetic, arguments 
– were misguided. In times like this, when theoretical guidance 
is called into question, we must pursue experimental answers as 
vigorously as possible. The combination of accelerators that are 
being considered for the FCC project offer, by their synergies and 
complementarities, an extraordinary tool for investigating these 
questions (figure 2).  

There are numerous instances in which the answer nature has 
offered was not a reply to the question first posed. For example, 
Michelson and Morley’s experiment designed to study the prop-
erties of the ether ended up disproving the existence of the ether 
and led to Einstein’s theory of special relativity. The Kamiokande 
experiment in Japan, originally built to observe proton decays, 
instead discovered neutrino masses. The LHC itself could have 
disproven the SM by discovering that the Higgs boson is not an 
elementary but a composite particle – and may still do so, with its 
future more precise measurements.

The possibility of unknown unknowns does not diminish the 
importance of an experiment’s scientific goals. On the contrary, 
it demonstrates that the physics goals for future colliders can play 
the crucial role of getting a new facility off the ground, even if a 
completely unanticipated discovery results. This is true of all expe-
ditions into the unknown. We should not forget that Columbus set 
sail to find a westerly passage to Asia. Without this goal, he would 
not have discovered the Americas.

 ● Further reading
J L Abelleira Fernandez et al. 2012 J. Phys. G 39 075001.
N Arkani-Hamed et al. 2016 Physics Reports 652 1.
M Bicer et al. 2014 JHEP 1401 164.
R Contino et al. 2016 arXiv:1606.09408.
T Golling et al. 2016 arXiv:1606.00947.
M Mangano et al. 2016 arXiv:1607.01831.
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Michelangelo Mangano, CERN, Patrizia Azzi, INFN Sezione di Padova, 
Monica D’Onofrio, University of Liverpool, and Matthew Mccullough, 
CERN.
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Fig. 2. The complementary role of the ee, pp and ep colliders in 
probing a sterile neutrino of mass M and mixing angle θ with 
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Exponential expansion

Assuming ρ=ρ0 = constant.
And setting:

H0 =
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The non autocollapsing solution is: a(t) = a(0)eH0t

Exponential expansion producing the universe inflation.
The condition p=-ρc2 is fullfilled by the rest energy of a scalar field.

The Gravitational Wave Background and Higgs False Vacuum Inflation

Isabella Masina1,2,3
1 Dip. di Fisica e Scienze della Terra, Università di Ferrara

and INFN Sez. di Ferrara, Via Saragat 1, I-44100 Ferrara, Italy
2 CP3-Origins & DIAS, SDU Campusvej 55, DK-5230 Odense M, Denmark and

3 CERN, Theory Division, CH-1211 Geneva 23, Switzerland

For a narrow band of values of the top quark and Higgs boson masses, the Standard Model
Higgs potential develops a shallow local minimum at energies of about 1016 GeV, where primordial
inflation could have started in a cold metastable state. For each point of that band, the highness of
the Higgs potential at the false minimum is calculable, and there is an associated prediction for the
inflationary gravitational wave background, namely for the tensor to scalar ratio r. We show that
the recent measurement of r by the BICEP2 collaboration, r = 0.16+0.06

�0.05 at 1�, combined with the
most up-to-date measurements of the top quark and Higgs boson masses, reveals that the hypothesis
that a Standard Model shallow false minimum was the source of inflation in the early Universe is
viable.

The fact that, for a narrow band of values
of the top quark and Higgs boson masses, the
Standard Model (SM) Higgs potential develops
a local minimum [1–3] is very interesting, as
this happens at energy scales of about 1016 GeV
which are suitable for inflation in the early Uni-
verse.

Inflation from a local minimum [4, 5] is a
viable scenario, provided a graceful exit to a
radiation-dominated era can be obtained via
some mechanism beyond the SM. Developing a
model with graceful exit in the framework of a
scalar-tensor theory of gravity [6, 7], in ref. [8]
we pointed out that the hypothesis that infla-
tion took place in a SM shallow false vacuum
was consistent only with a narrow range of val-
ues of the Higgs boson mass, which subsequently
turned out to be compatible with the experimen-
tal range indicated by ATLAS and CMS [9].

These very suggestive results provide a strong
motivation to further investigate the scenario of
SM false vacuum inflation, by looking for com-
plementary experimental tests. Inflation can
generate tensor (gravity wave) modes as well as
scalar (density perturbation) modes. It is com-
mon to define the tensor contribution through r,
the ratio of tensor to scalar perturbation spectra
at large scales. If inflation happened at a very
high scale, as is the case for the SM false vacuum
scenario, quantum fluctuations during inflation
produced a background of gravitational waves
with a relatively large amplitude.

As argued in [10], the tensor to scalar ratio,
combined with the top quark and Higgs boson
mass measurements, does represent a test of the
hypothesis that inflation started from the SM

false vacuum. The upper bounds on r provided
by the WMAP [11] and Planck experiments [12]
were too weak for the sake of such test. It was
anyway possible to conclude [13] that, for the
SM false vacuum to be a realistic inflationary
scenario, an experimental detection of r would
have been possible in the case that the top quark
mass turned out to be close to its lower allowed
value at 2�.

The recent measurement of r by the BICEP2
collaboration [14], r = 0.16 +0.6

�0.5 at 1�, on the
one hand represents a hint in favor of the hy-
pothesis that inflation took place in the SM shal-
low false vacuum and, on the other hand, allows
to perform a sensible test of the allowed param-
eter space for such scenario. That is the goal of
the present Letter.

Let us consider the Higgs potential in the SM
of particle physics. For very large values of the
Higgs field �, the quadratic term m2�2 can be
neglected and we are left with the quartic term,
whose dimensionless coupling � depends on the
energy scale, which can be identified with the
field � itself:

V (�) ' �(�)�4 . (1)

It is well known that, for some narrow band of
the Higgs and top masses, the Higgs potential
develops a new local minimum [1–3].

If the Higgs field is trapped in a cold coherent
state in the false minimum �0 and dominates
the energy density of the Universe, the standard
Friedmann equation leads to a stage of inflation-
ary expansion

H2 ' V (�0)

3M2
⌘ H2

I , a(t) / eHIt , (2)
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Shallow minimum at 
the inflation time.

1016Decay to the SM 
minimum.Planck mass.

The potential needs a strong fine tuning to allow 
such transition happening with the correct time.
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2
collaboration

[14],
r
=

0
.16

+
0
.6

�
0
.5

at
1
�,

on
the

one
hand

represents
a

hint
in

favor
of

the
hy-

pothesisthatinflation
took

place
in

the
SM

shal-
low

false
vacuum

and,on
the

other
hand,allow

s
to

perform
a

sensible
test

ofthe
allow

ed
param

-
eter

space
for

such
scenario.

T
hat

is
the

goalof
the

present
Letter.

Let
us

consider
the

H
iggs

potentialin
the

SM
of

particle
physics.

For
very

large
values

of
the

H
iggs

field
�,

the
quadratic

term
m

2�
2

can
be

neglected
and

w
e

are
left

w
ith

the
quartic

term
,

w
hose

dim
ensionless

coupling
�

depends
on

the
energy

scale,
w

hich
can

be
identified

w
ith

the
field

�
itself:
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�
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.
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It
is

w
ellknow

n
that,

for
som

e
narrow

band
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the
H

iggs
and

top
m

asses,
the

H
iggs

potential
develops

a
new

localm
inim

um
[1–3].

Ifthe
H

iggs
field

is
trapped

in
a

cold
coherent

state
in

the
false

m
inim

um
�
0

and
dom

inates
the

energy
density

ofthe
U

niverse,the
standard

Friedm
ann

equation
leads

to
a

stage
ofinflation-

ary
expansion

H
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'

V
(�
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3
M

2
⌘

H
2I
,

a(t)/
e
H

I
t
,

(2)
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US Magnet Development Program

Under Goal 1:

16 T cos theta 
dipole design

16 T canted 
cos theta 
(CCT) design
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Nb3Sn conductor program

Nb3Sn is one of the major cost & performance factors for 

FCC-hh and requires highest attention

Main development goals until 2020:
• Jc increase (16T, 4.2K) > 1500 A/mm2 

i.e. 50% increase wrt HL-LHC wire

• Reference wire diameter 1 mm

• Potentials for large scale production 
and cost reduction
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16 T dipole options and plans

Cos-theta

Blocks 

Common coils

• Down-selection of options mid 2017 for detailed design work
• Model production 2018 - 2022
• Prototype production 2023 - 2025 

Swiss contribution 
via PSI

Canted
Cos-theta



High order multiples 
along axis

20-T common coil dipole magnet: 
space for beam pipes: 2 * Φ50 mm, 
with the load line ratio of ~90% @ 
4.2 K

R&D steps for fabrication of the 20-T dipole 
magnet with common coil configuration 
a. a 15-T sub-scale magnet; b. a 15-T dipole 
magnet with 2 apertures;  c. a 20-T dipole 
magnet with 2 apertures and 10-4 field quality

a b c 

SppC 20T Nb3Sn+HTS SC Dipole Conceptual Design
Q.J. Xu
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